This paper presents a theoretical modeling and numerical and experimental investigations of the laminar convective condensation inside a circular smooth tube. The developed model includes the interaction between the surface tension, gravity, and shear stresses at the vapor-liquid interface and its cross influence on heat transfer. The influence of the gravity force, tube diameter, and temperature drop on the heat transfer at in-tube condensation of pure ethanol vapor is considered. The heat transfer coefficient as a function of the inclination angle of the condenser tube and the temperature drop between the vapor saturation and the wall temperatures is measured. A comparison of the experimental and numerical data is performed. The results of the numerical calculation are in good agreement
INTRODUCTION
In-tube condensation with small mass flow values is involved in many industrial applications. Specifically, it plays a central role in thermal control systems for space application. For instance, such systems as heat pipes, loop heat pipes, capillary pumped loops, and mechanically pumped loops are widely used on satellites to ensure heat transfer from the core module equipment to the external radiators (Miscevic et al., 2007; Serin et al., 2009 ). The main components of such devices are evaporators and condensers. Latent heat of the vaporization fluid is used to transfer heat efficiently at a nearly constant temperature. The miniaturization of the system requires new studies on two-phase flow and a better understanding of the condensation phenomenon at this scale. The major aim of the studies published in the last decade is to increase the performance of condensers. Reducing the channel size (Cavallini et al., 2011; Del Col et al., 2010) , changing its shape Thome, 2007, 2010) , and using internal fins (Kabov et al., 2003; Marchuk et al., 2006) provide essential heat transfer enhancement. Correlations used in designing condensers for space applications have been developed and tested in ground conditions only. However, it is known that the length of smooth in-tube condensers under microgravity conditions significantly exceeds that for the similar condensers in ground conditions (Keshok and Sadeghipour, 1983; Da Riva and Sanz, 1991) . Together with theoretical modeling, quantitative experimental results are also needed. This will allow for better understanding of the physical phenom- ena involved and lead to correlations and design rules for the next generation of space exploration thermal control systems. The condensation process inside tubes has been the object of many articles in the past. Several review articles give a good overview of the state of the art in this field. Cavallini et al. (2000) presented a review of condensation inside and outside smooth and enhanced tubes. Liebenberg and Meyer (2008) presented a review of flow pattern-based predictive correlations for condensation in smooth and enhanced tubes. An intensive literature review of condensation inside smooth and enhanced tubes was published by Dalkilic and Wongwises (2009) . Recently, Lips and Meyer (2011) published a review devoted to condensation and two-phase flow inside inclined tubes Many articles have addressed theoretical modeling of the condensation process inside tubes. Thome (2006) presented a theoretical model to predict flow pattern maps and heat transfer coefficients (HTCs) during convective condensation of a refrigerant in tubes. Correlations for HTCs based on a flow pattern map have been developed for condensation in horizontal tubes in El and Thome et al. (2003) . Wang and Rose (2005, 2009 ) presented a theoretical model to predict film condensation heat transfer of R134a, R22, and R410a vapor flow in horizontal square, circular, rectangular, and equilateral triangular microchannels. In their studies, the condensate film was treated, neglecting inertia and convection terms and assuming laminar flow. Also, the interfacial shear stress was computed by means of an empirical correlation. Another theoretical and numerical model used to predict laminar annular film condensation heat transfer in mini-and microchannels has been recently developed and published in Del Col et al. (2010) . A model for the prediction of water condensation on curvilinear fins, showing the importance of capillary forces, has been presented by Kabov et al. (2007) . A stationary two-phase flow model of capillary condensation occurring at very low mass fluxes in minichannels, focusing on the effects of low gravity operative conditions, has been presented by Miscevic et al. (2009). Da Riva and recently presented a volume of fluid (VOF) simulation of annular condensation of R134a and the effect of gravity in a circular minichannel.
NOMENCLATURE
Performing experimental investigations is very important in understanding condensation phenomena in a variety of practical situations. Nevertheless, at the same time experiments require a huge material budget, time for creation of the experimental cells, testing and checking of experimental instrumentations, preparation of the experiment, and validation of the obtained data. Specifically, this is true in the investigation of the gravity effect on heat transfer in the condensation process and for experiments under microgravity conditions. Theoretical modeling of the condensation processes significantly decreases the budget for investigation and saves time. However, careful validation of the theoretical modeling is needed to ensure the reliability of the obtained numerical results, which can only be done with the help of experimentation.
The objectives of the present work are to develop a new, more comprehensive, theoretical model for convective condensation of pure vapor inside a tube and validation of the theoretical model using on-ground experimental data inside a circular smooth tube. The developed model includes the interaction between the surface tension, gravity, and shear stresses at the vapor-liquid interface and its cross influence on the heat transfer. Detailed numerical investigations of the gravity force, tube diameter, and temperature drop effects on the heat transfer in relation to the in-tube condensation of pure ethanol vapor have been performed.
vapor takes place and a layer of the condensed liquid is moved. Vectors r 1 = (∂x/∂ξ, ∂y/∂ξ, ∂z/∂ξ) and r 2 = (∂x/∂ζ, ∂y/∂ζ, ∂z/∂ζ) are tangential vectors to surface S. The components of the vectors are partial derivatives of coordinates ξ and ζ. Vector n = r 1 × r 2 /|r 1 × r 2 | is a normal unit vector to the surface. Let h(t, ξ, ζ) be a thickness of the liquid layer at the moment of time t; then,r (t, ξ, ζ) = r + hn is a parameterization of the free surface,S. The position of the point in the liquid layer is described with the help of coordinates (ξ, ζ, η), where ξ and ζ are coordinates on the surface and η is the distance from the surface measured along the normal, n. Vectorñ =r 1 ×r 2 /|r 1 ×r 2 | is the normal unit vector to the liquid surface. In many cases, according to the Young-Laplace equation, the pressure drop on the curved liquid interface is defined as the sum of the principal curvatures of the surface. The sum of the principal curvatures is equal to the surface divergence of the normalH = ∇ñ =κ 1 +κ 2 = 1/R 1 + 1/R 2 or to the trace of the tensor that is associated with the second quadratic form of the surface. In books devoted to differential geometry, the value ofH is listed as the double mean curvature and at times as the Eulerian curvature of the surface (Spivak, 1999) .
Evolution Equation of the Condensate Film Thickness
Let u (ξ, ζ, η) = (u 1 , u 2 , u 3 ) be a vector of the liquid velocity, where its components are directed along the appropriate coordinate lines (ξ, ζ, η); that is, u (ξ, ζ, η) = u 1 τ 1 + u 2 τ 2 + u 3 n, where vectors τ 1 = r 1 /|r 1 | and τ 2 = r 2 /|r 2 | are the unit tangent vectors. The heat and mass transfer induced by condensation or evaporation processes occurs at interfaceS and is expressed in terms of the volume flow rate through surface J (t, ξ, ζ). Let us introduce a vector liquid flow along surface q
Here, the law of conservation of matter is used. Let Ω be an element of substrate surface S, andΩ = Ω + h n is an element of interfaceS above element Ω at some moment of time t. Let us consider a liquid volume V Ω over the field Ω
The variation in time of V Ω is connected with the variation of the liquid thickness, mass transfer, and liquid motion. In mathematical terms, the variation of V Ω is described by the following formula:
which is the law of conservation of matter. The first integral is a rate of volume change V Ω due to variation of the thickness of the liquid layer, the second integral is the mass flux through the surfaces, and the third integral expresses an amount of liquid flowing outward through the side boundary of V Ω . Substituting the variable in the second integral, the transition to the surface integral of the third integral formula (3) can be expressed in the following form:
whereg ij is a metric tensor of the surface. Using the fact that Ω is an arbitrary surface, the thickness of the moving liquid layer can be expressed in the following equation:
Equation (5) makes sense to use in describing the liquid flow when the film thickness is small compared to the scale along the surface |∇ S h| 1
and the film thickness is small compared to the mean radius of the surface curvature
Motion Equation of the Condensed Liquid in Approximation of the Lubrication Theory
In a rectangular coordinate system the conservation of momentum, mass, and energy equations for a viscous incompressible liquid are written in the following form:
An approximation occurring in two steps is used for simplification of the set of equations. First, referring to condition (7), the substrate surface is assumed to be locally flat. This allows us to consider the liquid motion along the tangential plane in the system of coordinates (ξ, ζ, η) without changing Eqs. (8)- (10):
Second, scale analysis is applied to the set of Eqs. (11). A small parameter is introduced as follows:
Expression (12) is condition (6), where h 0 is the characteristic thickness of the liquid film, and L is the characteristic length scale along the surface (for instance, the wave length or length of the fin). We introduce the following nondimensional variables and substitute them in the set of Eqs. (11):
Thus, the set of Eqs. (11) is written in the following dimensionless form:
Here, Re = h 0 U 0 /ν and Pe = h 0 U 0 /a are the Reynolds and Peclet numbers, respectively.
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We neglect the terms in Eqs. (14) for the order of magnitude ε and higher. Thus, we obtain that the motion of the viscous incompressible liquid film at a low Reynolds number, with an order of magnitude of 1 and smaller, can be described by the following set of equations:
Here, we neglect the inertial terms in the conversation equations of momentum, the convective mechanism of heat transfer, and the conductive heat transfer along the film surface in the energy equation. The boundary condition on the substrate surface satisfies the non-slip condition as follows:
The boundary conditions on the vapor-liquid interface represent the tangential stresses as follows:
We assume that the temperature of surface S is known, and the temperature of the liquid surface is equal to the saturation temperature at the defined pressure. The conditions are expressed as follows:
Integration of the set of Eqs. (15) with boundary conditions (16)- (18) gives us the expression for the velocities as follows:
Equation (19) has the quadratic coordinate η dependence, where
is the gradient of modified pressure. The temperature distribution in the liquid is linear and has the following form:
This implies the expression for the volumetric flux of the condensate through the interface as follows:
Substitution of Eq. (19) into Eq. (1) leads to the following expression for the vector of the specific flow rate along the surface:
Using expressions (20), (22), and (23) we can rewrite Eq. (5) in the following form:
Equation (5) is a nonlinear differential equation of the first order in time, and in general, it is an equation of the fourth order in spatial variables relative to unknown function h(t, ξ, ζ). This equation is a generalization of several equations known in the literature models of the film-wise condensation of pure vapor (Nusselt, 1916a,b) . For example, the derivation of Eq. (24) for a flat substrate has been performed by Kuznetsov (2000) .
MODEL FOR THE CIRCULAR TUBE

Equation for the Circular Tube
Parameterization of the surface of condensation inside a circular tube with a radius of R 0 = 1/κ 1 and with an inclination angle β to the horizon (see Fig. 2 ) is chosen as follows:
The square root of the matrix determinant of the metric tensor and the double mean curvature of the circular tube are expressed in the following form:
FIG. 2:
Coordinate system for the inclined circular tube.
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The shear stress and pressure gradient along the tube are determined as follows by the Poiseuille formulas for a circular tube of radius R and vapor flow rate of G v :
Thus, all the terms needed for Eq. (24) are determined. The inlet and outlet boundary conditions for the tube are the following:
Here, P c is the capillary pressure drop at the liquid-vapor interphase surface.
Numerical Procedure
The surface where the condensate flow takes place along the coordinate lines (ξ, ζ) is divided into a uniform mesh of step ∆ξ along coordinate ξ and step ∆ζ along coordinate ζ. The total number of nodes is equal to (N + 1, M + 1). The time step is assumed to be equal to ∆t. For approximation of Eq. (23), the finite-volume method with an implicit scheme in time is used. The implicit scheme is chosen in order to ensure better stability. For each volume V ij (Fig. 3) , a discrete analog of Eq. (3) of the flow balance through the boundary of the volume is written as follows:
where
FIG. 3:
Mesh nodes of the equation aproximation for volume V ij .
The expressions for metric tensor detg ij and double mean curvatureH have derivatives of film thickness h of the first and second order as follows: h ξ , h ζ , h ξξ , h ξζ , and h ζζ . The derivatives were approximated by a finite-difference scheme in the nodes (i, j), using a second-order approximation for the spatial coordinates. The equation and boundary conditions were solved using the first-difference scheme in time.
The obtained system of nonlinear Eq. (7) is solved using the Newton method with numerical linearization. The method is described as follows, with system (7) being represented by the operator form:
were
is a differentiable nonlinear algebraic operator computing a solution in the equation for every k, where superscript k is the time step number. Let h * be an approximation to the solution for n of the iteration number. Variable z n = F k h n is an appropriate residual of the approximation. The next approximation is calculated as follows:
where ∆h n = dF k −1 z n is calculated from the system of linear algebraic equations as follows:
Here, dF k is the Jacobian of mapping F k at point h n . The convergence criterion is a condition of the norm of the residual
The values of the components of residual vector z n ij represent the values of the volumetric liquid flow rate of the (i, j) volume (cell) where the balance is not convergence. Therefore, from a physical point of view, Eq. (20) indicates that the ratio of maximal liquid outflow to the mean flow rate of the condensate through the surface of the cell is less than ε.
The problem of computing Jacobian dF k of mapping F k at point h n is solved numerically. The calculation procedure of residual component z ij = z ij (h) = (F h) ij is performed as a separate subprogram. The Jacobian component is calculated as follows:
Here, e lm is a basis vector, where (l, m) is the component of the vector and is equal to 1, while the other components correspond to 0. The ∆h value is a real positive number, which should be sufficiently small in order to ensure the most precise calculation of the partial derivative-the Jacobian component. On the other hand, a sufficiently small ∆h value is unacceptable due to the significant increase in computation time and the limitation of computational resources.
EXPERIMENTAL STUDY
The present experimental investigation was performed using an experimental rig created in the framework of the convection and interfacial mass exchange (CIMEX) project of the European Space Agency for investigations of heat transfer at condensation of pure vapor inside smooth and enhanced tubes. A detailed description of the experiment is reported in Lyulin et al. (2011) . The experimental facility shown in Fig. 4 consists of the test cell, evaporator, vapor supply/pump-down loop, cooling water loop, liquid retracting system, data acquisition system, and thermostabilization system. Pure vapor of the working liquid was prepared in the evaporator and maintained at constant temperature and pressure. Vapor from the evaporator was supplied to the test cell with a measured mass flow rate due to the pressure drop provided by the vacuum pump. At the outlet of the test cell the vapor was partially pumped out to avoid accumulating non-condensable gas. The test cell, with all sensors, was placed inside of the thermoinsulating box to avoid unwanted condensation, which may appear inside the sensors and connecting tubing. The temperature of the air inside the thermoinsulating box was maintained at 1-3
• C above the saturation temperature of the working vapor by using the heating fan. In Fig. 4 , FM denotes the flow meter, FC denotes the flow control, and LP denotes the liquid pump.
The test cell was composed of a smooth brass circular tube with an inner diameter of 4.8 mm and a length of 200 mm, six heat flux sensors, thermoelectric modules to control the wall temperature of the condenser tube, a copper substrate, a water heat exchanger to cool the thermoelectric modules, and a separator. The separator was connected to the condenser tube through a heat-insulating insert. The temperature of the separator was maintained equal to the saturation temperature of the vapor. It was assumed that there was no condensation in the separator area. A borescope was used to observe the liquid film at the end of condenser tube, which was inserted into the test cell through the separator window. A detailed description of the test cell is reported in Lyulin et al. (2011) .
FIG. 4: Schematic view of the experimental rig.
Vapor flows through the condenser tube due to the pressure drop. Condensate is driven to the separator inside the tube by the pressure drop, shear-stress on the gas-liquid interface caused by the vapor flow, and gravity. The vapor inlet of the inclined condenser tube is higher than the outlet; thus, the downward flow was studied. The cross-sectional distribution of the condensate is affected by gravity and capillary forces. The rivulet flow of the condensate arises and the drainage of the tube takes place due to the curvilinear geometry of the separator. The condensate accumulates in the bottom part of the separator, where it is recovered from the container.
The average HTC is defined as
where q is the average heat flux, A is the heat-exchange area, T s is the saturation temperature, and T w is the average wall temperature of the condenser tube. The mass concentration of the non-condensable gases in the experiments was estimated as less than 0.1%. The vapor saturation temperate was calculated using the -T dependency in compliance with the pressure measured in the test cell. Additionally, the vapor temperature was measured with a thoroughly calibrated thermocouple mounted in the core of the vapor flow at the outlet of the condenser tube. Since the difference between these two values did not exceed 0.2 K during all experiments, it was assumed that the initial vapor flow from the evaporator almost had no non-condensable gases. Also, it was assumed that the extremely low concentration ofnon-condensable gases in the vapor flow had no influence on the condensation process. The condenser wall temperature is defined as the average of the 24 values measured using four sensors in each of the six cross sections along the tube length. Two independent approaches were used to evaluate the average heat flux. The first one is based on the difference between the vapor mass flow rates measured at the inlet and outlet of the condenser:
where r is the latent heat of vaporization, and G cond is the condensate flow rate defined as
where G in is the total vapor mass flow rate at the inlet of the condenser tube, and G out is the mass flow rate of the exhausted vapor. The second method of the heat flux evaluation (q 2 ) is based on the direct heat flux measurement using the heat flux sensors.
VALIDATION OF THE NUMERICAL SIMULATION
The influence of the condenser tube inclination angle on the HTC and the distribution of the condensate film at convective condensation of pure vapor inside circular tube have been studied numerically and experimentally. The experimental data have been used to validate the theoretical model and the numerical simulation. Pure ethanol (99.8%) was used as the working liquid. The saturation temperature was 58 • C and relevant pressure was 440 mbar. The condensation mass velocity ranged from 0.24 to 2.04 kg/m 2 · s. The outlet mass flow rate was constant and equal to 0.042 kg/m 2 · s in all experiments. The difference between the saturation temperature of the vapor and the average condenser tube wall temperature ranged from 0.8 to 4 K for the experiment and corresponded to 1 K in all numerical simulations in this section. The inclination angle of the condenser tube with regard to the horizon varied from 0 to 90
• . The cross-sectional distribution of the condensate film thickness at the end of the tube for various inclination angles obtained by numerical simulation is shown in Fig. 5 . For the inclination of the condenser tube to the horizon, gravity force played an important role in the rivulet shallow in the longitudinal direction and the distribution of the condensate film thickness across the tube. A stratified flow regime was observed at the horizontal orientation of the condenser tube [see Fig. 5(a) ]. A qualitatively identical cross-sectional distribution of the condensate film thickness and rivulet shallow of the liquid has been visualized with the use of the borescope (see Fig. 6 ). Further increasing the inclination angle led to a transition of the flow regime from stratified flow (in the horizontal case) to annular flow (in the vertical orientation of the condenser tube) [ Fig. 5(f) ]. Also, the presence of strongly reduced rivulet shallows at
FIG. 5:
Cross-sectional distribution of the condensate film thickness in the end of the condenser tube (tube diameter, 4.8 mm; tube length, 100 mm; temperature drop, 1 K; G = 1.66 kg).
FIG. 6:
Borescope visualization of the liquid film inside the condenser tube (liquid, ethanol; inner diameter, 4.8 mm; inclination angle, 0
• ): (1) tube wall; (2) liquid-vapor interphase surface (dashed curve has been calculated using the developed model).
an inclination angle close to 30
• was confirmed by the numerical simulations. Thus, the proposed model adequately simulates the distribution of the condensate film thickness inside the condenser tube.
The dependence of the dimensionless HTC on the inclination angle at different temperature drops is presented in Fig. 7 . Trends 1 and 2 present the average trends of the curves in relation to the dependence of the dimensionless HTC on the inclination angle for different values of the temperature drop obtained during the experimental investigation. Trend 3 presents the curve of the dependence of the dimensionless HTC on the inclination angle obtained by the numerical simulations. In the plot in Fig. 7 , it can be seen that there is good agreement between the theoretical and experimental data. The numerical simulations confirmed that the HTC has a local maximum angle range of 15-35
• . This can be explained by the complex gravity drainage mechanisms of the condensed liquid. A slight increase from zero in the inclination angle causes expansion of the intensive condensation area due to the decreasing rivulet shallow. A further increase in the inclination leads to an increase in the total condensate thickness, eventually resulting in the homogenous annular flow at the vertical orientation of the tube. In Fig. 7 , the filled symbols and Trend 1 correspond to the HTC obtained using the vapor mass flow rate measurements. The unfilled symbols and Trend 2 correspond to the HTC obtained from the direct measurements using the heat flux sensors. Trends 1 and 2 are an approximation of the curves with the filled and unfilled symbols. Trend 3 corresponds to the HTC obtained from the numerical simulations.
NUMERICAL INVESTIGATIONS
Gravity Effect Variation
The condensation of pure saturated ethanol vapor in a circular tube with a diameter from 1 to 5 mm and a length from 100 to 200 mm has been simulated. In the calculations, the pressure was equal to 440 mBar, the temperature drop was equal to 1 K, and the inlet vapor flow rate was 2.2 L/min. A typical distribution of the condensate film thickness inside the condenser tube for normal gravity and microgravity is shown in Figs. 8 and 9 . The tube is presented on the plot as cut along the top and unrolled to a plane. The inclination angle regarding the horizon under normal gravity conditions is equal to zero. For the condensed liquid film, a stratified flow regime for normal gravity and an annular flow regime for microgravity can be observed. The proposed theoretical model allows calculating the condensate film thickness along the tube, as well as predicting the distribution of the liquid inside the circular tube.
The results of the computations of the HTCs along the condenser tube at various gravity levels are presented in Fig. 10 . The numerical simulations were carried out in a 0.5-mm-diameter, 100-mm-long condenser tube. The 
FIG. 9:
Distribution of the condensate film thickness along the tube: microgravity (inner tube diameter, 4.8 mm; tube length, 100 mm; temperature drop, 1 K, condensation mass velocity, 1.66 kg/m 2 · s).
FIG. 10:
Computations of the HTC along the condenser tube at various gravity levels (inner tube diameter, 0.5 mm; tube length, 100 mm; temperature drop, 1 K; condensation mass velocity, 1.66 kg/m 2 · s).
condensation mass velocity was equal to 10 kg/m 2 · s, the saturation temperature was 58
• C, and the inclination angle was 0
• . Figure 10 shows that the HTC increases with the growth of the gravity level.
Calculations for three gravitational acceleration levels (g = 0, 10, and 100 m/s 2 ) were performed. At the initial part of the inlet of the condenser tube, where the annular flow regime is realized, the values of the HTC almost coincided for all three gravitational acceleration levels (Fig. 10) . Then, the HTC rapidly decreased due to the growth of the thickness of the condensate film around the whole perimeter of the tube. Furthermore, when the film thickness reached a certain value, drainage of the condensed liquid began from the top part of the tube due to gravity. In the plot in Fig. 10 , it can be seen that this corresponds to the point where the curve bifurcates with the curve at g = 0 m/s 2 . Further gradual reduction of the HTC is already associated with a decrease in the area of the thin film of a condensed liquid in the upper part of the tube. This occurs due to the growth of the rivulet shallows of the liquid filling the bottom part of the tube.
Transition Time to the Steady-State Regime after an Abrupt Change in the Gravity Level
The dependence of the HTC on time is shown in Fig. 11 . One can see that the transition from normal gravity to microgravity causes a significant degradation of the HTC. This degradation is due to the change of the flow regime from stratified to annular flow.
The transition time to the steady-state regime increases with the increase of the diameter of the condenser tube (see Fig. 12 ). The transition time to the steady-state regime is defined as the time counted from the moment of setting the fixed gravity level to the moment when the difference between the current condensation rate and the steady-state condensation rate is less than 0.1%. The transition time to the steady-state regime under microgravity conditions is higher than that under normal gravity for a tube with a diameter larger than 2 mm. The capillary length of ethanol, l, under the previously mentioned conditions is equal to 1.6 mm. One can see that for tubes with a diameter larger than 3 mm the transition time is higher than 10 s.
A longer transition time to the steady-state regime under microgravity (diameter ≥2 mm) is explained by the different impacts of the gravity and surface tension forces on the redistribution of the liquid film. In the case of the transition from normal gravity to microgravity, the redistribution of the liquid film is induced by the surface tension force only. The value of the surface tension force is considerably less than the gravity force at D > l. Correspondingly, a longer transition time to the steady-state regime under microgravity conditions is needed for the redistribution of the liquid film from a stratified to annular flow regime. In the opposite case, in the transition from microgravity to normal gravity, the gravity force plays the dominate role in the redistribution of the liquid film at D > 2 mm. The effect of the gravity force on the liquid film is considerably higher with respect to the surface tension force. In the redistribution of the liquid film from annular to stratified flow regimes the liquid is dropped from the top area of the condenser tube after an abrupt change in the gravity level. Thus, the transition time to the steady-state regime becomes smaller. For a tube with diameter ≤2 mm, the value of the surface tension force is comparable with the gravity force. The influence of the surface tension force on the distribution of the liquid film is increased. Competition between gravity and surface tension forces takes place. Thus, the redistribution of the liquid film inside the tube is induced by both forces in the transition process from normal gravity to microgravity or in the opposite direction by variation of the gravity level. The time lengths of the transition to the steady-state regime under normal gravity and microgravity are approximately equal.
Effect of the Temperature Drop
Calculations of the HTC along the condenser tube for different temperature drops and tube diameters are shown in Figs. 13 and 14. The numerical simulation was carried out in condenser tubes with diameters of 0.5 and 5 mm at normal gravity for the horizontal case. The length of the tube was 100 mm. The condensation mass velocity was equal to 10 kg/m 2 · s, the saturation temperature was 58
• C, g = 9.8 m/s 2 , and the inclination angle was 0 • . The HTCs displayed the usual trend expected for condensation inside a smooth tube; i.e., the HTC is reduced with the growth of the temperature drop. Also, Figs. 13 and 14 demonstrate the decrease of the HTCs along the condenser tube. On the initial section of the tube a sharp declination of the HTC was observed.
At small temperature drop values the length of the annular condensate flow at the tube inlet was slightly longer than that at larger temperature drop values. This happened because the condensate film thickness was smaller at the inlet of the tube and the influence of the gravity level was decreased. Also, for small temperature drop values reduction of the HTC along the tube had a slower rate. This happens because the bottom part of the tube was filled by the condensate liquid less than it takes place for larger temperature drop values.
FIG. 13:
Calculations of the HTC along the condenser tube at various temperature drops (tube diameter, 0.5 mm; G = 10 kg/m 2 · s).
FIG. 14:
Calculations of the HTC along the condenser tube at various temperature drops (tube diameter, 5 mm; G = 10 kg/m 2 · s).
CONCLUSIONS
Experimental and theoretical investigations of laminar convective condensation inside an inclined smooth circular tube have been performed. The relatively low inlet vapor mass velocities have been studied. An average HTC for in-tube condensation of pure ethanol vapor, subject to a tube inclination angle in relation to the horizon, has been experimentally measured and numerically calculated. A new theoretical model for the prediction of laminar film convective condensation heat transfer of pure vapor inside a circular tube with different diameters has been developed.
This model includes the effects of the surface tension force, gravity force, and shear stresses at the vapor-liquid interface. The model allows calculating the condensate film thickness across the circular tube, as well as predicting the distribution of the liquid along the tube. The proposed theoretical model has been validated by comparison of the numerical simulation results and the experimental results. Numerical investigations of the heat transfer at the laminar film-wise condensation of pure vapor inside a circular tube have been performed. The HTC has been calculated as a function of the temperature drop, tube diameter, inclination angle, and gravity level. It was found experimentally and theoretically that the average HTC is reduced with an increase in the difference between the vapor saturation and the wall temperatures. The numerical calculations show that the HTC decreases significantly with the increase in the tube diameter.
It was found experimentally and theoretically that the average HTC depends on the inclination angle and has a maximum angle in the range of 15-35
• . This fact takes place due to the complex gravity and surface tension drainage mechanism of the condensed liquid. A slight increase in the inclination angle from zero causes the expansion of the intensive condensation area due to a decrease in the rivulet shallow. A further inclination increase leads to an increase in the total condensate thickness, eventually resulting in homogenous annular flow at the vertical orientation of the tube.
The cross-sectional distribution of the condensate film thickness at the end of the tube for various inclination angles have been obtained by numerical simulation and have been analyzed. A stratified flow regime was observed at the horizontal orientation of the condenser tube. The presence of strongly reduced rivulet shallows at an inclination angle close to 30-50
• has been identified by numerical simulations. The rivulet shallow of the liquid inside the condenser tube for the horizontal orientation of the tube was confirmed experimentally by borescope observation.
The numerical analysis showed that the average HTC in the horizontal case increases with the growth of the gravity level. The gravity influence on the HTC value at the short initial part of the condenser tube was insignificant due to the annular flow regime and the liquid film, which was quite thin.
The numerical experiments aimed at predicting the time length of the transition to the steady-state regime after an abrupt change in the gravity level has been carried out. It has been shown that the transition time to the steady-state regime increases with an increase in the diameter of the condenser tube. The transition time to the steady-state regime under microgravity conditions is longer than that under normal gravity for a tube with a diameter larger than the value close to the capillary length of the working liquid. This occurs due to the competition of the gravity force and surface tension forces. The impact of both forces on the redistribution of the liquid film inside the condenser tube is significant. Under microgravity conditions the gravity force is weak and the surface tension forces decrease with the growth of the tube diameter.
The developed non-steady-state model can be used in planning experiments on condensation under microgravity and variable gravity conditions. The presented results could be useful for the development of compact effective condensers in aerospace and ground applications.
